ABSTRACT Technical improvements in the production and formulation of microbial agents will increase the potential for development of biological pesticides that are able to compete with chemical insecticides in the marketplace. Here we report the efÞcacy of a simple granule formulation containing microsclerotia of Metarhizium brunneum (Petch) (Hypocreales: Clavicipitaceae) for control of unfed and fed nymphs of Ixodes scpaularis Say (Acari: Ixoididae). Microsclerotial granules of M. brunneum applied to moist potting mix produce infective conidia within 2 wk and conidia remained viable for up to 8 wk after application. Microsclerotial granules produced from 3.05 ϫ 10 9 to 1.24 ϫ 10 10 conidia g Ϫ1 granules in potting mix. Both unfed and fed nymphs were susceptible to infection when exposed to treated potting soil with up to 56 and 74% mortality, respectively. M. brunneum demonstrated a transtadial infection for fed nymphs exposed to treated potting mix with signs of a fungal infection becoming apparent only after molting into adults. High conidial production rates from microsclerotial granules of M. brunneum combined with signiÞcant tick mortality support the need for additional research to evaluate the efÞcacy of this treatment technology as a biopesticide option for control of ticks.
Regulation of tick populations in the wild remains a challenge because of a lack of effective and sustainable control measures. The species Ixodes scapularis Say (Acari: Ixoididae), commonly known as black-legged ticks, are long-lived, can lay thousands of eggs during their lifetime (Daniels et al. 1996) , and are a vector of the Lyme disease spirochete, Borrelia burgdorferi sensu lato (Oliver 1996, Occi and Guidon 1998) . Lyme disease is reported to be the most common tick-borne disease to infect humans in the United States. The Centers for Disease Control reported nearly 29,000 conÞrmed cases of Lyme disease in 2008 and 30,000 cases in 2009 (CDC 2011) .
The Þlamentous fungus, Metarhizium brunneum (Petch) (Hypocreales: Clavicipitaceae) (formerly M. anisopliae) is one of the most studied microbial agents used to control arthropod pests including ticks. Strains of M. brunneum were found to be pathogenic to Ͼ200 insect species (Zimmerman 1993 , Driver et al. 2000 and have been tested as a biological pesticide against ticks (Zhioua et al. 1997 , Frazzon et al. 2000 , Polar et al. 2005 , Maranga et al. 2005 , Leemon and Jonsson 2008 . Faria and Wraight (2007) reported that three products based on M. brunneum were registered to control Ixodidae from a total list of 129 mycological-based biopesticide products available world-wide.
Nymph and adult stages of ticks are susceptible to infection by M. brunneum. In laboratory tests, Zhioua et al. (1997) determined an LC 50 value of 1 ϫ 10 7 conidia/milliliter for engorged I. scapularis larvae (2 wk after treatment). In contrast, 100% mortality was obtained within 2 wk after treatment of engorged larvae and engorged females dipped in spore suspensions of 1 ϫ 10 8 and 1 ϫ 10 7 conidia/milliliter, respectively. Infection by M. brunneum also prevented or reduced the egg laying capacity of the hard tick Boophilus annulatus (Say) several days before the females died. Females surviving after treatment reached only 7Ð 8% of their egg laying capacity when compared with untreated females . The laboratory tests done by Samish et al. (2001) appendiculatus Neumann when applied to grasses in the Þeld. Application of these fungi induced mortalities of 100, 76Ð95, and 36Ð64% in larvae, nymphs, and adults, respectively. M. brunneum also caused 37% mortality of adult Amblyomma variegatum F. infesting livestock and reduced fecundity by 94% (Kaaya et al. 1996) .
The success of tick control under Þeld or natural conditions using M. brunneum has had variable results (Stafford and Allen 2010 , Garcia et al. 2011 , Fernandes et al. 2012 ). This variability is not only because of strain differences, but is also a result of abiotic factors (high temperatures, sunlight, and rain) known to limit their effectiveness in the Þeld (Garcia et al. 2011 , Fernandes et al. 2012 . The development of M. brunneum formulations able to persist in the preferred habitat of ticks after a single application represents a signiÞcant challenge to successful tick control.
Studies have shown that M. brunneum effectively controls ticks when applied as conidial suspensions derived from emulsiÞed concentrates (Kaaya 2000; Stafford 2010, 2012; Kaaya et al. 2011) . Spray applications of conidia to foliage may not be optimal for controlling ticks. Alternative fungal treatments may enhance the performance of this fungus by targeting the application to the leaf litter rather than foliage. Recently, a liquid culture fermentation process for the production of microsclerotia of M. brunneum was developed (Jackson and Jaronski 2009a, b) . These microsclerotia are melonized compact hyphal aggregates 200 Ð 600 m diameter, which are resistant to desiccation and able to produce conidia when exposed to favorable conditions. An experimental granule formulation of the microsclerotia is being evaluated for storage stability and soil application (R.W.B., unpublished data). This dry formulation of M. brunneum microsclerotia produces infective conidia after application to moist environments. The granular formulation has potential to provide biological control of ticks as it is expected to produce infective conidia at high levels under favorable conditions such as in leaf litter. This is the Þrst time that a granulated formulation using microsclerotia of M. brunneum was tested against black-legged ticks. In this study, we evaluated the efÞcacy of a prototype granular formulation of microsclerotia of M. brunneum against fed (engorged) and unfed (ßat) I. scapularis nymphs, and monitored the viability of the microsclerotial granules over time. Ultimately, the application of microsclerotial granules is intended for treatment of areas that border wooded habitat in residential or recreational where blacklegged ticks are abundant. The granular formulation is expected to persist in the environment for several weeks. Application of efÞcacious granular formulation of M. brunneum microsclerotia along borders may aid in the suppression of questing ticks that can affect animal and human health. Hyphal preculture inocula of M. brunneum for the 100 liters bioreactor studies were obtained by growing nine replicate 400 ml liquid cultures in 1 liter bafßed Erlenmeyer ßasks (#2543Ð 01000, Bellco Glass, Vineland, NJ) using the previously described preculture medium. Precultures were grown for 48 h at 28ЊC and 300 rpm on a rotary shaker incubator (Innova 4230, New Brunswick ScientiÞc, Edison, NJ). These culture conditions produced a thick, homogenous hyphal inoculum. Three liters of hyphal inoculum of M. brunneum was used to inoculate the 100 liters bioreactor. For quality assurance, the fermentation broth was streaked onto nutrient agar plates, incubated for 48 h at 30ЊC, and visually evaluated for bacterial contamination.
Materials and Methods

Tick
For 100 liters bioreactor microsclerotia production, the basal medium was supplemented with 80 g/L glucose and 9 g/L cottonseed meal (Pharmamedia, TraderÕs Protein, ADM, Decatur, IL). In addition, 10 ml (0.01% vol:vol) of an organic, nonsilicone, polypropylene-polyether-based antifoam (antifoam 204, Sigma Chemical, St. Louis, MO) was added before autoclaving. All medium components were added and the medium pH was adjusted to 5.5 before autoclaving. The pH of the culture medium was uncontrolled during the growth of M. brunneum cultures. Fermentation temperature was 28ЊC and three 15 cm diameter Rushton impellors were used for agitation. The agitation rate was 300 rpm and the aeration rate was 40 L/min sterile air. Cultures of M. brunneum used for microsclerotial granule formulation were harvested after 4 d growth. Replicate 100 liters fermentations of M. brunneum were conducted to produce microsclerotia-containing biomass for formulation studies.
The 4-d-old fermentation product contained 20.5 g/L biomass and 3.4 ϫ 10 7 microsclerotia/ L. Each liter of fermentation broth was Þltered through Whatman #54 Þlter paper and the Þltered solids were mixed with 25 g montmorillonite clay (K-10, SigmaÐAldrich, St. Louis, MO) by fermentation in 100 liters bioreactor following techniques described by Jackson and Jaronski (2009b) . The Þnal fermentation product was expected to contain 25 g solids/liter. For each liter, the fermentation product was Þltered through Whatman #54 Þlter paper and the Þlter solids were mixed with 25 g montmorillonite clay (K-10, SigmaÐAldrich) in a kitchen mixer (Kitchen-Aid, St. Joseph, MI). This fungus ϫ clay mixture was formed into granules through a 0.8 mm diameter die using a benchtop granulator (LCI Corp., Charlotte, NC). Granulated product was spread over baking sheets and allowed to air dry over night under a fume hood. It was then passed through a number 20 sieve (0.85 mm), and stored in 50 ml conical tubes at 6ЊC. Water activity of the dried granules measured by an Aqua Lab model Series 3 (Decagon Devices, Inc., Pullman, WA), was Ͻ0.09.
Bioassays. Unfed Nymphs. Assessments were performed to evaluate the efÞcacy of the granule formulation of M. brunneum microsclerotia (MbMSc) on unfed and fed nymphs of black-legged ticks. We conducted two experiments with unfed nymphs, one exposed the ticks to granules in petri dishes with moist Þlter paper, and the second exposed unfed nymphs to granules in petri dishes with potting mix. For the Þrst experiment, six 90 ϫ 15 mm sealable petri dishes (Falcon, Becton Dickenson, Franklin Lakes, NJ) were lined with Þlter paper (42.5 mm, #1 Whatman, Whatman International, Ltd., Maidstone, England, United Kingdom) that was moistened with sterile water (0.5 ml) to maintain a high RH. Three petri dishes were untreated and three received 3 mg of microsclerotial granules of M. brunneum. Previous experience with MbMSc granules suggested a conservative production rate of 3.5 ϫ 10 9 conidia/g granules (R.W.B., unpublished data). All petri dishes were kept in a dark incubator (Conviron I24L, Asheville, NC) at 25ЊC for 1 wk to allow the microsclerotial granules to sporulate. After 2 wk incubation, 10 unfed ticks were placed in each dish and returned to the incubator (n ϭ 30 ticks per treatment). Ticks were evaluated for mortality at weekly intervals for 6 wk. Ticks identiÞed as dead by prodding were removed from the dish. In the second experiment, all conditions were the same except that each petri dish was half Þlled with potting mix before receiving the microsclerotial granule treatment. Potting mix consisted of Redi-Earth (Sun Gro Horticulture, Bellevue, WA) and was fertilized with Osmocote Classic (The Scotts Company, Marysville, OH) and Micromax Micro G (The Scotts Company) at 5 kg and 0.6 kg/m 3 of Redi-Earth, respectively. Water was added to the mix to provide a water activity of 0.99 (Aqua Lab Water Activity Meter, Decagon Devices, Inc., Pullman, WA) for the fungus to grow and sporulate, and for ticks to survive. Nymphal mortality was determined weekly for 7 wk. The procedures of the second experiment were conducted three times sequentially so that a total of 90 ticks were exposed to each treatment.
Fed Nymphs. The virulence of formulations containing microsclerotia of M. brunneum against fed (engorged) nymphs was evaluated using a sterilized potting mix moistened with sterile water placed in cups rather than petri dishes. Approximately 3.5 g of moist potting mix (same as above) was added to each of 60 clear plastic soufßé cups (PL1) with lid (Solo Cup Company, Highland Park, IL). Two treatments included the untreated control and 30 mg MaMSc granules added to each of 30 cups. All cups were sealed with the lid and placed in 30 well trays. The cups were incubated at 25ЊC in the dark, for 1 wk to allow the microsclerotial granules to sporulate. After 1 wk incubation, ticks were introduced into the cups, one nymph per cup. Each treatment was replicated three times such that 90 ticks were exposed to each treatment. The indications of infection and mortality for engorged ticks were their inability to molt and the visible outgrowth of fungus. Fed ticks were less mobile and difÞcult to differentiate between live and dead ticks when compared with evaluations of unfed nymphs. Mortality was determined 4 Ð 6 wk after exposure of the ticks to the treated potting mix.
Conidia Production and Viability From Granules. Conidia production and viability from MbMSc granules in potting mix were determined weekly for 8 wk using destructive sampling of additional petri dishes and cups containing potting mix treated with granules (or untreated), but without ticks. Granule application rates to potting mix in cups and petri dishes were the same as those used in the bioassays for tick mortality. For the cup technique, potting mix was transferred into a 50-ml conical tube using a spatula. Twenty milliliters deionized water containing 0.4 g/liter Tween 20 (J. T. Baker Chemical Co., Phillipsburg, NJ) was added to the 50-ml conical tube and vortexed vigorously to detach conidia from MbMSc granules and potting mix particles. For the petri dish technique with potting mix, the potting mix was transferred into a 10-ml conical tube with 3 ml de-ionized water (with Tween surfactant) and vortexed. Conidia were counted directly from a sample of each suspension using a Bright-Line hemacytometer (Hausser ScientiÞc, Horsham, PA).
Viability of conidia produced by MbMSc granules was determined by plating four serial dilutions (1:10 Ð 1:10,000) of suspension from the previously counted potting mix sample on selective agar. Selective agar was modiÞed from Doberski and Tribe (1980) and Liu et al. (1993) consisted of 65 g sabouraud dextrose agar (EMD Chemicals Inc., Gibbstown, NJ), 0.5 g chloramphenicol (SigmaÐAldrich), 0.25 g cyclohexamide (SigmaÐAldrich), and 0.01 g dodine (Chem Service, West Chester, PA) per liter of water. Four quadrants were drawn on the base of the selective agar plate and each quadrat was inoculated with four by 10 l of a serial dilution where each quadrat is expected to have different colony forming unit (CFU) concentration. Each sample was replicated three times on separate petri plates and all inoculated selective agar plates were incubated at 25ЊC under dark conditions for 3Ð 4 d. The colonies were counted and the CFU/ml were determined based on the count from the quadrant providing between 20 and 200 colony count using the formula: CFU/ml ϭ (colonies in quadrant) ϫ dilution ϫ 25 Statistical Analysis. Mortality means for ticks exposed to MbMSc granules were compared with mortality means for ticks not exposed based on analysis of variance (ANOVA) generated by SAS (SAS for Windows, SAS 9.2 TS level 2MO, Cary, NC) with treatment and replication as the main effects, and treatment means were separated using least signiÞcant difference (LSD). Unfed ticks exposed in petri dishes with moist Þlter paper, treatment means were based on three replications of 10 ticks to each treatment (30 ticks exposed to each treatment). For unfed ticks exposed in dishes with potting mix and fed ticks exposed in cups with potting mix, treatment means were based on three replications of 30 ticks for each treatment (90 ticks exposed to each treatment). Conidia counts and CFU counts for M. brunneum from the petri dish and potting mix samples were compared using a paired t-test over 8 wk of evaluation (SAS for Windows).
Results
Clay-based granules made with microsclerotia of M. brunneum produced maximum conidia in Ϸ7 d while exposed to a moist environment, as in the petri dishes with moist Þlter paper or moist potting mix. Unfed nymphs of I. scapularis placed in these environments were susceptible to infection by the fungus. For the trial with moist Þlter paper, mortality of unfed nymphs exposed in dishes treated with granules was over 63.3 Ϯ 15.8% (mean Ϯ SE) by 3 wk after exposure, signiÞcantly greater (F ϭ 9.14; df ϭ 1,4; P Ͻ 0.0390) than the untreated control at 10.0 Ϯ 0.0% (mean Ϯ SE) mortality (Fig. 1A) . For three replications when the petri dishes contained potting mix, mortality of tick nymphs exposed to the MbMSc granule treatment was lower reaching only 58.9 Ϯ 6.2% (mean Ϯ SE) mortality 7 wk after exposure, but had signiÞcantly (F Ͼ 16.29; df ϭ 1,4; P Ͻ 0.0157) greater mortality than the untreated control for each week of evaluation beginning 3 wk after initial exposure (Fig. 1B) .
After six weekly evaluations, 100% of the fed nymphs exposed to untreated potting mix completed the molting process, no ticks exhibited signs of fungal infection (hyphal growth) and there was no recorded mortality (Table 1) . SigniÞcantly fewer ticks molted when exposed to treated potting mix compared with untreated controls (F ϭ 51.96; df ϭ 1,4; P ϭ 0.0020). More ticks showed signs of infection among newly emerged adults (F ϭ 27.00; df ϭ 1,4; P ϭ 0.0065), and there was greater mortality (F ϭ 43.55; df ϭ 1,4; P ϭ 0.0027) for exposed ticks compared with untreated controls (Table 1) . Development of the fungus was slow and varied widely. The time for the fungus to infect and kill fed and unfed nymphs took 1Ð7 wk after exposure to the potting mix treated with MbMSc granules. It was interesting to note that among the fungus treated ticks that successfully molted, newly emerged adults were unable to survive because of fungal infection (Table 1) .
Previous experience with MbMSc granules suggested a conservative production rate of 3.5 ϫ 10 9 conidia/g granules when incubated in potting mix (R.W.B., unpublished data). However, when 30 mg granules were applied to moist Þlter paper in this Fig. 1 . Mortality of unfed nymphs of Ixodes scapularis exposed to microsclerotial granules of Metarhizium brenneum F52 applied at 3 mg microsclerotial granules per petri dish (50 mm diameter); (A) over 6 wk, on moist Þlter paper, n ϭ 30 nymphs per treatment; (B) over 7 wk, on potting mix, n ϭ 90 nymphs per treatment. study, MbMSc granules produced a fewer than expected conidia, 1.27 ϫ 10 9 conidia/g granules ( Fig.  2A) . Viability of these conidia measured as CFUs demonstrated that the conidia lost viability after 4 wk in the petri dish, probably because of drying of the Þlter paper. However, when potting mix was added, the production of conidia was greater (1.24 ϫ 10 10 conidia/g MbMSc granules) and viability was retained (1.84 ϫ 10 10 CFU/g MbMSc granules) over the 6 wk of evaluation (Fig. 2B) . Horizontal linearity of the conidia counts and CFUs over the 6 wk of evaluation indicated the fungus remained viable.
For application of 30 mg of MbMSc granules to potting mix in cups, the number of conidia counted averaged 3.05 ϫ 10 9 (SE ϭ 6.28 ϫ 10 8 ) conidia/g MbMSc granules. This rate of production was conÞrmed by the CFU average of 4.06 ϫ 10 9 (SE ϭ 9.39 ϫ 10 8 ) CFU/g granules (Fig. 3) . Based on a paired t-test, conidia counts, and CFU counts were not signiÞcantly different (t ϭ Ϫ1.83; P ϭ 0.1169). This conidia count calculates to 1.22 ϫ 10 8 conidia per cup. The measure of CFUs demonstrates that the conidia produced in the cups by the granules remain viable for nearly 2 mo after application under moist potting mix conditions.
Discussion
M. brunneum has potential for control of ticks as recognized by recent research. Bharadwaj and Stafford (2012) , respectively. Our rates of application were greater than the LC 50 values reported by Bharadwaj and Stafford (2012) and caused signiÞcant mortality for both fed and unfed ticks, although the mortality may be lower than one might expect for the conidia concentrations we tested. However, our petri dishes application rate calculates to 1.53 g of MbMSc granules/m 2 or 1.53 kg for a 1,000 m 2 lawn while our application rate in soufßé cups calculates to 42 g of MbMSc granules/m or 42 kg for a 1,000 m 2 lawn. These rates approximate low and high consumer application rates, respectively.
Our evaluation of treatments to potting mix for control of I. scapularis nymphs more closely resembles conditions that might be experienced in the Þeld when compared with petri dish assays. We recognize that exposing MbMSc granule treatments to pasteurized potting mix has limited microbial fauna compared with Þeld applications. We observed that mortality (83%) of unfed nymphs in petri dishes without potting mix was greater than mortality (56%) for ticks exposed to treatments in dishes containing potting mix. This difference seems greater when considering the higher mortality was caused by MbMSc granules producing fewer conidia, 1.72 ϫ 10 9 conidia/g granules without potting mix versus 1.24 ϫ 10 10 conidia/g granules with potting mix.
The delayed mortality of ticks in treated potting mix or slow speed of kill by the fungus could be attributed to the thick cuticular structure of the arthropod. The Þrst line of defense by arthropods against fungal penetration is the integument (Gillispie et al. 1997 , Kavanagh and Reeves 2004 , Ment et al. 2012 ). The degree of Metarhizium brunneum applied as microsclerotial granules to petri dishes without (A) and with (B) potting mix evaluated for 6 wk after application (CFU ϭ 0 for weeks 5 and 6 on Þlter paper). of resistance to fungal invasion among arthropods like ticks depends in part on the thickness of the cuticle, degree of sclerotization (Hassan and Charnley 1989) and the inability of conidia to sustain hyphal growth after germination on the cuticle (Ment et al. 2012) . Cuticle of Ixodid ticks can be as much as 30 m and an endocuticle of 60 m to 100 m thick (Balashov 1983 , Omosova 1983 ) that is attributable to slow penetration of the fungus into tick cuticle causing a slow speed of kill. Alternatively, delayed mortality could be a function of slow acquisition of conidia from the treated potting mix, a function that has not been well documented in the literature.
Controlling tick population with a fungus that will take 4 Ð7 wk for infection to occur is not too long considering the 2-yr life cycle of I. scapularis ticks where 97% of their life is spent in the soil or vegetation. The soil and vegetation provide a favorable environment for ticks to survive. After taking a bloodmeal, ticks drop from the host and stay in the soil or vegetation where they get in contact with the fungus and eventually get infected. Fed and unfed ticks are associated with soil and environments such as vegetation, sand, leaf litter, or duff ßoor of the forest and they are very sensitive to humidity (Bharadwaj and Stafford 2011) . M. brunneum, as a soil fungus, thrives in the same habitat (Inglis et al. 2008 , Schneider et al. 2012 . The similarity of habitats where these organisms could thrive provided a greater chance for tick infection to occur. Thus, it appears that granule formulation of M. brunneum that can persist and be sustained in the soil and vegetation can be an effective alternative control for the pest.
These results support the need for additional research on the application of microsclerotia granules for the control of ticks. The ability of microsclerotia to produce conidia after application will arguably provide the most effective dissemination of infective propagules to the target environment. Granule formulations are easy to handle and spread over deÞned areas such as homeowner lawns, where control of ticks is important to reduce transmission of tick borne diseases. As a prototype biopesticide, this early evaluation is encouraging because of the high levels of conidia production, duration of viability, and reasonable rates of pest mortality. Distribution of granules in the treated environment was one factor identiÞed by Bharadwaj and Stafford (2012) to inßuence exposure of ticks to the fungus suggesting that smaller granules with Þner distribution would improve pest control. They used commercial granules (Tick-EXG, Novozymes Biologicals, Inc., Salem, WV) and measured granules at 22 mg/granule with a density of 2.6 ϫ 10 5 conidia/granule. Granules of the clay formulation we tested measured 1 mg/granule and produce at least 1 ϫ 10 6 conidia/granule. It is possible that the application of microsclerotia to the target environment will provide conidia with optimal Þtness. Current biological pesticides contain conidia produced in a factory, harvested, processed, formulated, packaged, shipped, and stored before application. Each process can adversely affect biological activity of the conidia. Development of microsclerotia-based biopesticides will avoid these processes on the infective conidia and may contribute to improved control of this pest.
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